Enteropathogenic Escherichia coli (EPEC) strain 30-5-1(3) has been reported to form attaching and effacing (A/E) lesions without Tir tyrosine phosphorylation. In this study, we show that 30-5-1(3), which has a transposon insertion within the sepZ gene, forms wild-type A/E lesions including Tir tyrosine phosphorylation, but at a slower rate. A/E lesion formation by 30-5-1(3) occurs without detectable secretion of Tir or other EPEC Esp secreted proteins.
Enteropathogenic Escherichia coli (EPEC) is a major cause of infantile diarrhea in the developing world (17) . EPEC colonizes the small intestine and requires intimate attachment to the host epithelium for full virulence. Intimate attachment leads to the formation of attaching and effacing lesions (A/E lesions), which involve the degeneration of the epithelial brush border, and the formation of actin-rich pedestals within the host cell beneath adherent EPEC (13, 16) . A/E lesion formation is dependent on translocation of the bacterial protein Tir (translocated intimin receptor; formerly called Hp90) to the host cell membrane, where it is tyrosine phosphorylated and serves as a receptor for the EPEC outer membrane protein intimin (11) . Intimin binding results in the rearrangement of host cytoskeletal proteins and in pedestal formation beneath adherent bacteria. Tir tyrosine phosphorylation is required for EPEC A/E lesion formation (10) . Tir translocation and A/E lesion formation are dependent on an intact type III secretory system and the EPEC secreted proteins EspA, EspB, and EspD. Recent work indicates that EspB and EspD are translocated into the host cell (22, 23, 24) , while EspA forms filamentous organelles on the EPEC cell surface that are thought to be involved in protein translocation to the host cell (2, 14) . The genes for these proteins are located in a chromosomal pathogenicity island called the locus of enterocyte effacement (LEE) (15) .
Recently, EPEC strain 30-5-1(3) has been described as deficient in secretion of EspA, EspB, and EspD and lacks the ability to invade cultured epithelial cells (12, 19) . EPEC 30-5-1(3) has a TnphoA transposon insertion in sepZ, which is the first open reading frame in a transcriptional unit, LEE2, that contains five additional genes (3, 5, 19) . Interestingly, this mutant has also been reported to form A/E lesions without evidence of Tir phosphorylation (Hp90), suggesting that this mutant is deficient in activating host tyrosine kinase-mediated signaling pathways yet is still capable of forming pedestals (19) . In view of the recent identification of Hp90 as the bacterial protein Tir and findings suggesting possible functions for EspA, EspB, EspD and the role of type III secretion in Tir delivery, we undertook experiments examining A/E lesion formation by strain 30-5-1(3).
Tir is not secreted by 30-5-1(3). Using enzyme-linked immunosorbent assay (ELISA) techniques, we were unable to detect Tir secretion from EPEC strain 30-5-1(3), whereas under the same conditions, a low level of secreted Tir was observed in wild-type EPEC (Fig. 1) . Secreted proteins were prepared from EPEC E2348/69, 30-5-1(3), E2348/69/pCVD450, and 30-5-1(3)/pCVD450 by diluting a standing Luria-Bertani (LB) broth-grown overnight culture 1:100 in Dulbecco's modified Eagle's medium (DMEM) and growing it at 37°C and 5% CO 2 to an optical density at 600 nm (OD 600 ) of 0.7 as previously described (11) . Tir secretion into the culture supernatant was determined by ELISA using anti-Tir antisera (11) . In wildtype EPEC, Tir secretion is enhanced by transformation with pCVD450 (11) , which contains a portion of the per regulatory locus (6) . We examined the effect of pCVD450 on secretion from EPEC 30-5-1(3) and found that it had no effect, compared to wild-type EPEC (Fig. 1) . In agreement with earlier reports (12, 19) , we detected no EspB secretion from EPEC 30-5-1(3) (data not shown).
30-5-1(3) is attenuated in Tir and EspB translocation and in the formation of EspA filaments. We next examined whether 30-5-1(3) could translocate Tir to the host cell, and if it became tyrosine phosphorylated. HeLa cells were infected with EPEC strains (standing overnight culture; multiplicity of infection [MOI], 1:100) for 2 to 4 h, washed and solubilized with 1% Triton X-100, and microcentrifuged to separate Triton-soluble (membranes and cytosol) and -insoluble (cytoskeleton and adherent bacteria) fractions as described previously (21) . Tir translocation and phosphorylation were examined at several time points after infection using Western blotting with rat anti-Tir or anti-PY (4G10; Upstate Biotechnology Inc.) antisera ( Fig. 2A) . Tir was translocated to the host cell by both wild-type EPEC and strain 30-5-1(3), as evidenced by the ap-pearance of a 90-kDa band recognized by both anti-Tir and anti-PY antisera, in both the Triton X-100-soluble and -insoluble fractions ( Fig. 2A, lanes a) . In wild-type EPEC, tyrosinephosphorylated Tir appeared in both the soluble and insoluble fractions as early as 2 h postinfection. There was a considerable delay in the appearance of translocated Tir in cells infected with strain 30-5-1(3). Tyrosine-phosphorylated Tir was detected only after 3 to 4 h postinfection, and its level was significantly lower than that apparent in cells infected by wildtype EPEC ( Fig. 2A, lanes b) . Tir phosphorylation occurred upon translocation by both strains, resulting in the appearance of a 90-kDa band in an anti-PY Western blot ( Fig. 2A , lower panel).
We next followed the translocation of EspB to the host cell. HeLa cells were plated at 3.5 ϫ 10 6 cells/100-mm dish and were labeled overnight with 30 l of [ 3 H]adenine (150 Ci; 38 Ci/mmol; NEN). Cells were washed three times with phosphate-buffered saline (PBS) and infected with 5 ml of wild-type EPEC/pEX-EspB-CyaA or 30-5-1(3)/pEX-EspB-CyaA for 3 to 4.5 h. To initiate EspB-CyaA translocation, 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) was added as described previously (24) . After a total infection time of 4 or 6 h, the cells were lysed and EspB translocation was determined by measuring the conversion of intracellular
as previously reported (24) . As shown in Fig. 2B , EspB-CyaA was translocated to the host cell by both wild-type EPEC and strain 30-5-1(3). At 4 h postinfection, EspB-CyaA was detected within HeLa cells infected with wildtype EPEC/pEX-EspB-CyaA (Fig. 2B ), but not within cells infected with 30-5-1(3)/pEX-EspB-CyaA (data not shown). Only at 6 h postinfection was the EspB-CyaA construct detected within host cells (Fig. 2B ). The level of [ 3 H]cAMP generated within 30-5-1(3)/pEX-EspB-CyaA-infected cells was significantly higher than the background levels obtained with uninfected HeLa cells (P ϭ 0.001). To demonstrate that the conversion of ATP to cAMP was specific to the translocated EspB-CyaA fusion, we measured cAMP generation in HeLa cells infected with wild-type EPEC or EPEC 30-5-1(3) expressing either the vector alone or the vector containing only the espB gene. These strains resulted in cAMP levels that were no different from those observed in the uninfected HeLa cell controls (data not shown). Collectively, these data suggest that EPEC 30-5-1(3) translocates reduced levels of EspB into the host cell.
Translocation of Tir and EspB to the host cell is dependent on the formation of EspA filaments on the bacterial surface (2, 14). EspA filament formation was compared between DMEMgrown wild-type EPEC and EPEC 30-5-1(3). Bacteria were cultured in DMEM for 3.5 h, placed on ice, labeled with rabbit anti-EspA antisera for 1 h, and visualized using an anti-rabbit antibody conjugated with fluorescein isothiocyanate (FITC). As shown in Fig. 3A and B, wild-type EPEC formed EspA filaments, as indicated by the labeling with anti-EspA antisera. In contrast, EspA was rarely detected on the surface of EPEC 30-5-1(3) (Fig. 3C and D) . As a control, we examined EspA filament formation by two EPEC strains containing mutations in genes encoding two components of the type III secretion apparatus (escV and escN). These mutants synthesize, but are unable to secrete, EspA (12) . EspA filaments were never detected on the surface of either of these two strains (data not shown).
EPEC 30-5-1(3) forms wild-type A/E lesions but is noninvasive. HeLa cells were infected with either wild-type EPEC or EPEC 30-5-1(3), and at 2 or 4 h postinfection, cells were prepared for immunofluorescence microscopy by paraformaldehyde fixation and labeled with either anti-PY antisera or rat anti-Tir, and Texas red phalloidin. To quantify adherence and pedestal formation, three replicate fields of 100 cells were assessed for bacterial adherence and A/E lesion formation by anti-PY and phalloidin labeling. Adherence was calculated as the percentage of cells with microcolonies of 5 or more bacteria, whereas A/E lesion formation was calculated as the percentage of infected cells showing tightly focused actin pedestals beneath adhering EPEC. The differences between groups were determined by analysis of variance (ANOVA). After a 2-h infection, wild-type EPEC formed small microcolonies, with actin and tyrosine-phosphorylated proteins evident under most adhering bacteria (Fig. 4A ). This correlated with the appearance of tyrosine-phosphorylated Tir as shown by Western analysis ( Fig. 2A) . In contrast, although EPEC 30-5-1(3) formed small microcolonies after 2 h, there was little actin or PY beneath adhering bacteria. Although there was no significant difference in the level of adherence between the two strains [49.8 Ϯ 17.2% for the wild type versus 35.5 Ϯ 5.3% for 30-5-1(3); P ϭ 0.18; n ϭ 3], EPEC 30-5-1(3) infection resulted in the formation of significantly fewer A/E lesions [53.0 Ϯ 15.1% for the wild type versus 8.9 Ϯ 4.8% for 30-5-1(3); P ϭ 0.01; n ϭ 3]. When examined after 4 h, EPEC 30-5-1(3) induced the formation of actin-rich pedestals, with tyrosine-phosphorylated proteins located at the tip, in a manner indistinguishable from wild-type EPEC (Fig. 4B and C) . At this time point, there was no significant difference in the level of adherence [for the wild type, 99.4 Ϯ 1.1%; for 30-5-1(3), 99.7 Ϯ 0.6%; P ϭ 0.2; n ϭ 3] or A/E lesion formation [for the wild type, 96.1 Ϯ 3.2%; for 30-5-1(3), 97.6 Ϯ 3.3%; P ϭ 0.47; n ϭ 3] between the two strains. Although EPEC 30-5-1(3) was able to form A/E lesions, it was significantly attenuated in its ability to invade HeLa cells. We observed a 50-to 100-fold decrease in invasion with no effect on bacterial adherence upon infection with EPEC 30-5-1(3) compared to infection with wild-type EPEC (data not shown). These data are identical to those reported by Rabinowitz and colleagues (19) .
The results of this study demonstrate that EPEC 30-5-1(3) can indeed form wild-type A/E lesions but does so at a much on September 21, 2017 by guest http://iai.asm.org/ slower rate. Tir and EspB are translocated to the host cell, albeit with slower kinetics and to a much lower level than that observed with wild-type EPEC. Additionally, EspA filaments form infrequently with this mutant. As EspA filaments are essential for Tir and EspB translocation (2, 14) , a possible explanation for our observation is that either 30-5-1(3) produces very short or unstable EspA filaments or only a few bacteria form filaments that are able to translocate Tir and EspB. Despite the defects in protein translocation, A/E lesions formed by EPEC 30-5-1(3) appear indistinguishable from those elicited by wild-type EPEC, and contain tyrosine-phosphorylated Tir at the tips. These results contrast sharply with those of Rabinowitz and colleagues (19) , who report that EPEC 30-5-1(3) forms A/E lesions without tyrosine phosphorylation of Tir (Hp90) and suggest that this mutant is deficient in its ability to signal to the host cell. One possible explanation for these differences is the methods and the time course used to detect tyrosine phosphorylation and A/E lesion formation. Rabinowitz and colleagues (19) examined A/E lesion formation using transmission electron microscopy, and tyrosine phosphorylation by immunoblotting, but did not directly examine if phosphotyrosine-containing proteins accumulated at the tips of the actin structures formed by 30-5-1(3). In this study, we investigated directly whether tyrosine-phosphorylated Tir was found at the tip of the EPEC pedestal, and we saw no evidence for A/E lesion formation without Tir tyrosine phosphorylation. Additionally, Rabinowitz and colleagues (19) examined Tir tyrosine phosphorylation at only one time point, 3 h postinfection. In this study, after 3 h of infection, we observed very little tyrosine-phosphorylated Tir by immunoblotting, and A/E lesions formed beneath some, but not all, adhering EPEC 30-5-1(3) (data not shown). Only after 4 h did we observe significant Tir translocation and tyrosine phosphorylation, leading to wild-type A/E lesion formation. Our results demonstrate that EPEC 30-5-1(3) is not deficient in its ability to activate host tyrosine kinase-mediated signaling pathways, but instead inefficiently delivers Tir and EspB to the host cell, resulting in a delay in A/E lesion formation. EPEC 30-5-1(3) has been repeatedly cited to support data suggesting that EPEC can form A/E lesions in the absence of either Tir and EspB translocation (1, 4) or Tir tyrosine phosphorylation (8, 18, 22) . In this study we found no evidence for A/E lesion formation by EPEC 30-5-1(3) without Tir translocation or tyrosine phosphorylation at all time points examined. Our data agree with the recent findings that in EPEC, Tir tyrosine phosphorylation is an essential step in pedestal formation (10; R. DeVinney, J. Puente, and B. Finlay, unpublished data). Based on our findings, the conclusions obtained from studies suggesting that EPEC can form phosphotyrosineindependent pedestals need to be reinterpreted.
The delay in Tir delivery and tyrosine phosphorylation observed upon infection with EPEC 30-5-1(3) is probably due to the TnphoA transposon insertion within sepZ. SepZ is thought to be involved in the type III secretion of EPEC virulence proteins (19) and is conserved in other A/E pathogens including enterohemorrhagic E. coli (EHEC) and RDEC-1 (GenBank accession numbers AF035655 and AF035651). Interestingly, no SepZ homologue has been found in Yersinia or Salmonella species, which contain well-characterized type III secretory systems (3, 7) . Unlike other type III secretion mutants (9, 11, 20, 21) 30-5-1(3) is able to deliver Tir to the host cell in the absence of detectable EspA, EspB, and EspD secretion, and low levels of EspB are translocated to the host cell. Additionally, Tir secretion could not be enhanced by transforming EPEC 30-5-1(3) with pCVD450, which significantly increases Tir secretion from wild-type EPEC. These data suggest that Tir translocation and A/E lesion formation can be uncoupled from Esp secretion, and that the interruption of the sepZ product may play a role in modulation of the type III secretion system, rather than as a structural component of the secretory apparatus itself. Interestingly, although EPEC 30-5-1(3) forms wild-type A/E lesions, its ability to invade HeLa cells is significantly inhibited. This may suggest that either sepZ or some other LEE2 gene is specifically involved in invasion but not in A/E lesion formation, or that a lower level of protein translocation is sufficient to support A/E lesion formation but not invasion. The latter suggestion is supported by results suggesting that lower levels of translocated EspB decreased EPEC invasion but not A/E lesion formation (unpublished data). An important consideration is that genetic lesions affecting A/E lesion formation can be difficult to detect compared to those affecting invasion, as the assays used to measure A/E lesion formation are visual, and therefore less sensitive, whereas the assays for invasion are easily quantified.
In conclusion, our findings demonstrate that EPEC 30-5-1(3) is able to form wild-type A/E lesions in the host cell in the absence of secreted virulence factors, albeit more slowly.
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